Studying kerogen structure and its interactions with fluids is important for understanding the mechanisms involved in storage and production of hydrocarbons from shale. In this study, adsorption and transport of methane in a three dimensional type II kerogen model are studied using molecular dynamics simulations.
Introduction
Kerogen is the source of hydrocarbons and the main constituents of the organic matter in sedimentary rocks (Rullkotter and Michaelis, 1990; Nomura et al., 1998) . The quantity and composition of the hydrocarbons accumulated during the kerogen evolution depend on its chemical composition and structural features. Kerogen is a mixture of organic chemicals and its chemical formula and properties vary depending on the geographical location (Tissot et al., 1974) . This makes the modeling of kerogen challenging. Studying kerogen structure and its interactions with fluids is important for understanding the mechanisms involved in storage and production of hydrocarbons from shale. Most of the current studies on the transport of fluids in organic-rich shale are mainly focused on fluid flow in simplified carbon-based conduits. The objective for this work is to determine the storage and transport properties of methane in a kerogen structure using molecular dynamics simulations.
Three types of kerogens with different extents of maturation can be found in organic matter (Behar and Van-denbroucke, 1987; Ungerer et al., 2014) . These types differ from each other by the chemical content (carbon, oxygen, nitrogen, and sulfur content). Kerogen types are mainly defined by the percentage of elemental hydrogen present in them. Hydrogen content of immature kerogen decreases with thermal maturation (Vandenbroucke, 2003) . Therefore, it can be used as a criteria to evaluate relative thermal maturity of kerogen . After burial of kerogen in sedimentary rocks, it loses its hydrogen and oxygen content and becomes more concentrated in carbon content.
Type I kerogen has a highly aliphatic structure with a high H/C ratio and a relatively low O/C ratio. It is mainly originated from algal-lacustrine and algal-marine sources. Type II kerogen has a relatively high H/C ratio with a low O/C ratio. It is mainly originated from a mixture of sources from Type I and Type III. Type III kerogen has features similar to Vitrinites. It has a high O/C ratio with a relatively low H/C ratio (Behar and Vandenbroucke, 1987; Ungerer et al., 2014) . It is dominantly originated from higher plants accumulated in non-marine environments.
Due to high complexity of kerogen samples, it is never possible to propose a general kerogen model. Analytical data are now available for different types of kerogens originated from different source rocks and many two dimensional (2D) models for kerogens are generated (Behar and Vandenbroucke, 1987; Scouten et al., 1989; Kidena et al., 2008) . For validation of kerogen structures, experimental and theoretical results, such as mechanical properties, should be compared. However, only using 3D structures, these properties can be calculated. In practice, the 2D structures can be converted to three dimensional (3D) structures using quantum mechanics and molecular dynamics methods (Ru et al., 2012; Orendt et al., 2013; . The proposed 3D structures using computational techniques can provide wealth of information for comparisons of kerogens from different source rocks. Furthermore, they are helpful in predicting the mechanism in which the kerogen interacts with the bitumen and the mineral matter (Jeong and Kobylinski, 1983) . These 3D models also provide the functional groups of kerogen exposed to surface and interior functional groups hidden inside the kerogen (Vandegrift et al., 1980) . Availability of a validated 3D model allows further computational study in order to predict the type of interaction between the kerogen and the mineral matrix, which is essential for oil production. Two approaches have been used to create 3D models from 2D models. First approach considers quantum mechanics calculations, such Gaussian optimization, for finding the most stable conformation (global maxima) (Guan et al., 2015) . This approach is not realistic for large systems (more than 500 atoms) (Dupuis et al., 1989; Heller, 2006) . In the second approach, the most stable conformations is found using molecular dynamics simulations .
Transport of fluids in nano-scale conduits has been extensively studied using three different MD simulation methods: Equilibrium Molecular Dynamics (EMD), external field Non-Equilibrium Molecular Dynamics (NEMD), and boundary driven non-equilibrium molecular dynamics (dual control volume grand canonical molecular dynamics or DCV-GCMD) (Arya et al., 2001) .
DCV-GCMD simulations have been used to investigate the sensitivity of transport properties of methane, carbon dioxide, and nitrogen to pore size, porosity, and pressure gradient (Firouzi and Wilcox, 2012) . DCV-GCMD simulations of flow of methane in carbon nanotubes have demonstrated that the adsorbed phase is mobile in high and low pressures and Knudsen diffusion and Hagen-Poiseuille equations can underestimate the methane flow by one order of magnitude Jin and Firoozabadi (2015) . A comparison study of transport of four different gases with different adsorption affinity, methane and argon with high adsorption affinity and helium and neon with low adsorption affinity have been performed by Kazemi and Takbiri-Borujeni (2016c, d) . They showed that as the average channel pressure increases, the contribution of the adsorbed phase to the total mass flux decreases. Their DCV-GCMD simulations have also shown that the Knudsen diffusion model underestimates the molecular flux (Kazemi and Takbiri-Borujeni, 2016b) .
NEMD simulations are easy to implement and computationally efficient for simulating the transport phenomena; however, the equivalence of external forcing function that drives diffusion and the actual chemical potential gradient has not been formally demonstrated (Arya et al., 2001) . NEMD simulations have been applied to investigate the slippage of a non-adsorbing gas (Helium) in microporous media (Firouzi et al., 2014) . The results indicated that the experimental measured permeability values are two orders of magnitude larger than NEMD results. Kazemi and Takbiri-Borujeni (2016a,d) employed NEMD simulations to investigate the transport of two adsorbing gases, argon and methane, at different channel heights for different Knudsen numbers. They concluded that the contribution of the adsorbed molecules can be more than 50% of the total mass flux of the channel.
There have been some studies on the adsorption and transport of multi-component hydrocarbon mixtures in shale organic matter. Ma and Jamili (2016) used Simplified Local-Density theory coupled with Modified Peng-Robinson equation of state to predict the density of pure and mixture hydrocarbons in confined pores. They found that the compositions of the fluid mixtures are not uniformly distributed across the pore. Heavier components (n-butane) tend to accumulate near the wall while lighter components (methane) tend to stay in the center region of the pore. Collell et al. (2015) used EMD and boundary driven non-equilibrium molecular dynamics (BD-NEMD) simulations to study the transport of fluid mixtures for different chemical compositions through a molecular model of kerogen type II. They computed Onsagers coefficients for pure and multi-component mixture of fluids. The results suggested that the flow inside kerogen is of diffusive nature.
In this work, Grand Canonical Monte Carlo (GCMC) and NEMD simulations are used to simulate the adsorption behavior and transport of methane in kerogen. A type II kerogen model prepared by is used in this study. In order to build a representative solid state model of kerogen, eight kerogen molecules are placed in a periodic cubic cell. Once the initial configuration of kerogen molecules is prepared, constant-temperature constant-volume (NVT) simulations and then constant-temperature constant-pressure (NPT) simulations are performed to obtain the final structure. For the final structure, density values are calculated and compared with the reported density range for kerogen density. Adsorption isotherm, self and transport diffusion coefficients of methane in the final kerogen structure are also calculated.
Model and Method

Kerogen Molecular Model
In this study, a model unit prepared by Ungerer et al. (2014) is employed to build a crystal structure of type II kerogen. The structure of the unit cell kerogen is shown in Fig. 1 . The unit consists of 481 atoms with a formula of C 242 H 219 O 13 N 5 S 2 with a molecular weight of 3469.6 gr/mol. In order to build a representative solid state model of kerogen, eight kerogen molecules are placed in a periodic cubic cell with 10 nm dimension using Moltemplate software (Jewett et al., 2013) . The COMPASS (Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation Studies) class2 force field is used to describe the interactions between atoms, bonds, and angles (Sun, 1998) . Once the initial configuration of kerogen molecules is prepared, constant-temperature constant-volume (NVT) simulations are performed at 1000 K for 3 ns. Density of the system remains at 0.046 gr/cm 3 for whole NVT simulation time. Several conformations are sampled from NVT simulations. Each sampled conformation goes under successive constant-temperature constantpressure (NPT) simulations for a temperature range of 900 to 300 K at 100 atm pressure. All simulations are performed with 1 fs timestep using LAMMPS software (Plimpton, 1995) . Each NPT simulation is performed for 500 ps. The final structure has a density of 1.03 gr/cm 3 (Fig. 2) , which agrees with the reported range for the kerogen density (0.95 to 1.45 gr/cm 3 ). 
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Porosity Characterization
In order to determine the porosity of the kerogen structure, Another Void Program (AVP) is employed (Cuff and Martin, 2004) . In this method, two probes are used, one for identifying the accessible volume to external fluids and one for finding all the void spaces. The probe size radius for finding fluid accessible voids has a radius of 1.4 °A. AVP is run on the final kerogen structure and total void volume and the largest void volume are determined. A probe size equal to diameter of a methane molecule is used for calculaton of the accessible void volume for the gas; a probe size of 0.5 °A is used for isolated voids. Almost half of the void volume (343 °A 3 ) belongs to the isolated pores. The gas accessible pore volume is calculated to be 334 °A 3 . The total volume of kerogen solid state is 44474 °A 3 and therefore, the kerogen porosity (available void volume to methane) is 0.7%.
Diffusion Coefficients
Diffusion of gases in nanoporous materials have been extensively studied (Sholl, 2006; Dubbeldam and Snurr, 2007; Smit and Maesen, 2008; Kazemi and Takbiri-Borujeni, 2016d) . EMD simulations are usually carried out to the determine the self-diffusivity coefficients. Self-diffusion, D s , is defined as the mean square displacement of molecules over time and is defined as, (1) where N is the number molecules and i (t) is the displacement vector for the i-th molecule at time t. The angular bracket represents the ensemble average quantity. Another method to determine the selfdiffusivity is using the autocorrelation of the fluctuating streaming velocity values via Green-Kubo relation (Kanellopoulos, 2000) , (2) where u z (t) = Σdx i /dt. Both methods essentially give the same results. In this work, the mean square displacement method is used.
Another important type of diffusion is transport diffusivity or Fickian diffusion. Fickian constitutive relation describes the transport of single-component fluids as, (3) where D t is the transport diffusivity, ∇c is the spatial concentration gradient, and J is the molecular diffusive flux. This equation can be written in the terms of pressure gradient as (Roy et al., 2003) , (4) where M is the molar mass, T is temperature, and R is the universal gas constant. In NEMD simulations, the transport coefficients can be calculated from the measured molecular flux as (Bhatia and Nicholson, 2003) , (5) where k B is the Boltzmann constant, is the average gas density, and F is the applied external force.
Molecular Dynamics Methods
The kerogen molecules are placed in a simulation box with 20 nm x 3.5 nm x 3.5 nm dimension (Fig. 3) . Grand Canonical Monte Carlo (GCMC) simulations are performed at different pressures to determine the adsorption isotherms for methane. In GCMC simulations, the pressure inside the control volume is kept constant by insertion and deletion of molecules. The probability of inserting a molecule is determined as, (6) where is the absolute activity at temperature T, Λ is the de Broglie wavelength, and μ is the chemical potential. Changes in the potential energy resulting from the insertion and deletion of molecules are represented by ΔU, volume of control volume is V CV , and number of molecules in control volume is N CV . Inserted molecules are assigned a velocity using Maxwell-Boltzmann distribution. The probability of deleting a molecule is,
Temperature of the inserted molecules is determined based on the specified reservoir temperature, i.e., 300 K.
EMD and NEMD simulations are performed to find the self and transport diffusivity coefficients, respectively. COMPASS force field is used for all simulations. The like atom pairs interaction are modeled using LJ-9-6 potential. For unlike atom pairs, the sixth-order combination rule is used. Methane is treated as a LJ fluid and its interactions are modeled using LJ-12-6 potential. A cut off distance of 10 °A is used for all simulations.
NEMD simulations are performed at six different pressures. For each pressure, four external forces of 0.01, 0.05, 0.1, and are applied to the inlet region. Simulations are performed for 5 ns with a timestep of 1 fs. The NEMD simulations are performed within NVT ensemble. An initial Gaussian velocity distribution with a temperature of 300 K is considered for methane molecules. The exerted force to the molecules is proportional to pressure drop as described by (Zhu et al., 2002; Carr et al., 2011) ,
where A is the area perpendicular to the applied force. Determining the actual pressure gradient in NEMD simulations is not straightforward. Therefore, to compare the molecular fluxes and velocities in different pressure gradients, the term NF/AL, which is proportional to pressure gradient, is used. The number of molecules at the inlet region is calculated at each time step and averaged over the total simulation time.
Results and Discussion
Adsorption Isotherms
In order to differentiate between the bulk and adsorbed molecules, excess loading values are calculated. Excess adsorption is the subtraction of total gas quantity in pore spaces and the unconfined gas quantity (bulk state) in the same volume.
The excess quantities are calculated for a pressure range of 10 to 130 aim. Excess adsorption values increase from 1.72 to 4.11 mmol/gr as pressure increases from 10 to 130 aim (Fig. 4) . Excess loading values tend to reach a plateau at pressures above 80 aim. Typically, the excess adsorption values decrease at high pressures when the gas adsorption reaches its maximum value (saturated state) while the gas density keeps increasing. We expect to see a reduction in excess adsorption values at pressures higher than 130 aim. The excess adsorption results are compared with the experimental results of Gasparik et al. (2014) for a Hay-nesville shale sample with Vitrinite Reflectance (VR) of 2.1% and total organic content (TOC) of 3.3% (Fig. 4) . This VR value indicates that the shale sample is in the dry gas zone. The molecular simulation results are fairly close to experimental results. One possible reason that they are not matched is that the experiments were performed at a temperature of 338 K, while the simulations are performed at 300 K. However, as the temperature increases, the excess adsorption amount reduces at the same pressure (Mosher et al., 2011) . Hence, lower values of excess amount is expected for simulations with higher temperatures.
Diffusion Coefficients
Self-diffusion coefficients are calculated from EMD simulations using Eq. 1. Selfdiffusion coefficients steeply decrease as pressure increases at low pressures (Fig. 5a ). They do not decrease significantly at pressures higher than 50 aim. As the loading of methane inside kerogen pores increases from 1.72 to 3.11 mmol/gr for a pressure range of 10 to 50 aim, the self diffusion coefficients decrease from 2. Transport diffusion coefficients are computed for a pressure range of 10 to 100 atm. Similar to selfdiffusion coefficients, as the pressure increases, the transport diffusion coefficients decrease from 9.1 × 10 −8 to 1.2 × 10 −8 m 2/s (Fig. 5b) . As pressure increases, transport diffusion coefficients approach the selfdiffusion coefficients.
The transport diffusion coefficients are higher than self-diffusivity coefficients for pressures less than 100 atm. For self and transport diffusion coefficients, there is a steep decrease in the values at low pressures (lower than 40 atm), while at higher pressures the values do not significantly decrease with pressure (they reach a plateau).
Conclusions
In this study, adsorption and transport of methane in a three dimensional type II kerogen model are studied using molecular dynamics simulations. The kerogen model prepared by Ungerer et al. (2014) is used in this study. Grand Canonical Monte Carlo (GCMC) simulations are used to simulate the adsorption of methane and Non-Equilibrium Molecular Dynamics (NEMD) simulations are employed to simulate transport of methane in the kerogen model. Simulation results for the adsorption isotherm are fairly close to experimental results reported for the Haynesville shale sample. As pressure increases, transport diffusion coefficients approach the self-diffusion coefficients. For self and transport diffusion coefficients, there is a steep decrease in the values at low pressures (lower than 40 atm), while at higher pressures the values do not significantly decrease with pressure. 
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